Abstract-Hyperthermal techniques are spreading as an alternative to conventional surgery for cancer removal. A realtime temperature feedback can be used to adjust the treatment settings, in order to improve the clinical outcomes. In this paper, we experimentally assessed the feasibility for distributed temperature monitoring of a custom probe, which consists of a needle embedding six fiber Bragg gratings (FBGs). Since FBGs are also sensitive to strain, we focused on the analysis of the measurement error (artifact) caused by respiratory movements. We assessed the artifact both on ex vivo pig liver and lung (by mimicking the movement of these organs caused by respiration) and on in vivo trial on pig liver. Lastly, we proposed an algorithm to detect and minimize the artifact during ex vivo liver laser ablation. During both ex vivo and in vivo trials, the probe insertion within the organ was easy and safe. The artifact was significant (up to 3°C), but the correction algorithm allows minimizing the error. The main advantages of the proposed probe are: 1) spatially resolved temperature monitoring (in six points of the tissue by inserting a single needle) and 2) the needle is magnetic resonance (MR)-compatible, hence can be used during MR-guided procedure. Even if the model is close to humans, further trials are required to investigate the feasibility of the probe for clinical applications.
I. INTRODUCTION
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F. Giurazza, G. Frauenfelder, and B. Beomonte Zobel are with the Unit of Radiology, Università Campus Bio-Medico di Roma, Rome 00128, Italy (e-mail: f.giurazza@unicampus.it; g.frauenfelder@unicampus.it; b.zobel@unicampus.it). have spread as an alternative of conventional surgery to treat different types of tumors [1] . These procedures are usually performed under image-guidance without requiring electrocoagulation. In particular, LA is gaining great popularity for its minimally invasive nature, since it requires only the percutaneous insertion of the small-sized optical applicator within the organ. This feature allows reducing bleeding and patient's recovery time, as well as the treatment costs and duration [2] . All the hyperthermal treatments cause a significant temperature increment within the tissue, whose cells undergo irreversible damages when temperature is >60°C [3] , [4] . The aim of these techniques is to remove the whole neoplastic tissue, while sparing the surrounding healthy tissue.
Within the several open challenges, one of the most important is related to improve the treatment selectivity. Different solutions have been proposed to meet this challenge, among others, temperature monitoring during ablation has already shown promising results [5] . A real-time feedback of temperature distribution within the organ may be useful to estimate the amount of damaged tissue, hence to lead the physician in the adjustment of laser settings, to optimize the clinical outcomes [6] . Thermometry in thermal treatments has to fulfil strict criteria: spatial resolution better than 5 mm, acquisition time of some seconds, and temperature accuracy of ∼1-2°C [7] , [8] .
During last decades, many thermometric techniques for temperature measurement during LA have been proposed in research and in clinical settings. They can be split in two main categories [9] : i) invasive methods, which need the transducer to be in contact with the tissue. The most popular sensors used in this field are thermocouples [10] , [11] , and fiber optic sensors [12] , [13] ; ii) non-invasive methods based on the analysis of diagnostic imaging techniques, such as, Magnetic Resonance (MR) [14] , [15] , Computed Tomography [16] , [17] , and Ultrasound [18] .
Among invasive techniques, Fiber Bragg Grating (FBG) sensors have several valuable features, such as the immunity from electromagnetic interferences, good metrological properties (i.e., short response time, good accuracy and high thermal sensitivity), small size, and the possibility to perform spatially resolved measurements: it is possible to measure the tissue temperature in different points by inserting only 1558-1748 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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one fiber optic which embeds several FBGs [12] , [13] , [19] . The two main risks of using FBGs during LA are: i) they are fragile (their typical diameter is ∼200μm), hence their rupture within the organ must be avoided; and ii) the sensitivity to both temperature and strain, so the output change caused by strain can be related to a temperature variation.
In clinical settings the sensitivity to strain may cause a significant measurement error, called artifact, due to patient's respiratory movements [20] . To easily and safety inserting the FBGs within the organ, solutions based on their encapsulation within a metallic needle have been proposed [20] . This solution aims at facilitating the percutaneous insertion of the probe inside the organs, and at avoiding FBGs rupture during the monitoring.
The aim of this work is to analyze the influence of respiratory movements on the response of a custom needle-like probe, which houses six FBGs and to assess its feasibility and safety during the insertion in the organ.
II. TEMPERATURE PROBE AND EXPERIMENTS
The temperature probe proposed in this work consists of a needle which embeds 6 FBGs. In this section we will briefly illustrate the working principle of FBGs and the design of the probe, then we will focus on the materials and methods used to perform ex vivo and in vivo experiments for the assessment of respiratory movement influence on the probe's output.
A. Temperature Probe: Theory, Design and Calibration
FBGs are optical elements, embedded in a short optical fiber segment, characterized by a periodic variation in the refractive index of the fiber core.
When interrogated with a broadband radiation, they reflect only narrow range of wavelengths centered around the Bragg wavelength (λ B ) [21] :
being n e f f the effective refractive index of the fiber core and the spatial period of the grating. Both temperature changes ( T) and mechanical strains (ε) influence λ B . The λ B variation ( λ B ) can be expressed as follows:
being α s and α f the thermal expansion coefficients of the cladding and core materials, respectively, P e the optical strain coefficient, and ξ the thermo-optical coefficient. Although during ex vivo experiments the strain caused by organ relaxation is negligible [13] , in clinical settings the organ movements caused by the patients' respiration can strain the FBG. This phenomenon may cause a substantial error. The custom probe consists of 6 FBGs encapsulated into an MR-compatible needle (MReye Chiba Biopsy Needle IDCHN-22-15.9, Cook Medical). The needle has a diameter of 22 Gauge, which corresponds to an inner diameter of 0.64 mm and an outer diameter of 0.91 mm, and a length of 150 mm. The six FBGs have 3 mm-length, and are inscribed in Two sets of experiments were carried out to characterize the FBGs encapsulated within the needle:
i) we assessed the calibration curve of each FBG by placing the probe within an oven (PN120 Carbolite). Simultaneously, the temperature (T) within the oven was recorded by a thermocouple (175T3 Datalogger Testo, sampling period of 1 min) placed close to the probe. During these experiments we applied temperature ranging from 25°C to 90°C. During the calibration, λ B of each FBG was recorded by a spectrum analyzer (Optical Sensing Interrogator si425 Micron Optics), and was synchronized with the recorded temperature. Then the λ B of the six FBGs, calculated as the difference between the λ B at a generic temperature and the λ B at 25°C, are expressed as function of T. Lastly these data were fitted using a linear model. The six best fitting lines, one for each FBG, were considered the calibration curves, and their slopes represent the thermal sensitivity of each FBG. We also assessed the uncertainty of each sensor by recording five times the sensors' output for each temperature (in step of 0.5°C). Then we calculated the uncertainty by considering a student reference distribution with four degrees of freedom and a level of confidence of 95 %, as recommended in [22] .
ii) We estimated the response time, τ , of each FBG by transferring the probe from environmental temperature (i.e., 25°C) to a vessel filled with warm water (i.e., 40-45°C, monitored by a thermocouple). This procedure was repeated thirteen times. The output of the six FBGs was detected by the spectrum analyzer with a sample frequency of 250 Hz, which displays the λ B in function of time.
Then we considered the response of the FBGs as a typical first order systems trend. Therefore, the value of τ was calculated as the natural logarithm of the error function, (t):
where y(t), y(0) and y ∞ are the output values at the generic instant (t), at the beginning of the step and at the steady-state, respectively. The slope (equal to −1/τ ) of the fitting line allows estimating τ .
B. Estimation of the Artefact Caused by Movement: Ex Vivo Experiments
Equation 2 underlines the FBG sensitivity to both temperature and strain. During quiet breathing the diaphragm movement determines the motion of the internal organs, which are characterized by the same frequency of the respiration [23] - [25] . The sensitivity to strain may cause a significant measurement error due to patient's respiratory movements. In order to estimate this artifact, an experimental set-up mimicking the movements of internal organs during respiration was set (Fig. 2) . Firstly, experiments were carried out on ex vivo pig livers, because, among other internal organs, it is subjected to the most significant movements. Indeed, according to literature, during quiet breathing the liver undergoes a mean displacement of 20 mm and a surface strain of 2 mm along the cranio-caudal direction; other movements can be considered negligible [25] , [26] . The other internal organs (i.e. pancreas, kidneys, prostate) are subjected to the same two types of movements, with the same frequency but with lower amplitude [24] .
Two linear actuators (M-235.2DD Physik Instrumente) were used to simultaneously simulate liver displacements and strains. Accelerations, velocities and displacements were given as input to the motor controllers (C-862 Mercury Physik Instrumente), according to a trapezoidal velocity profile. Liver displacements of 5, 10, 15 and 20 mm and strains of 2, 3, 4 and 5 mm were investigated at three different respiratory frequencies (i.e., 10, 12 and 15 breaths per minute). These values allow covering all the ranges of movement and frequency in the field of interest.
On the other hand, the lungs are affected by a different type of movement. They undergo a volume increase and decrease during inspiration and expiration phases, respectively. Therefore, other experiments were carried out on ex vivo pig lungs by using a manual ventilation system to inflate the organ. This system was connected to the lung by using an endotracheal tube. The experimental set-up is shown in Fig.3 . Experiments were carried out inserting the needle-like probe within the three lobes of the right lung. The output signal of the six FBGs was detected with the spectrum analyzer with a sample frequency of 250 Hz. 
C. Estimation of the Artefact Caused by Movement: In Vivo Experiments
In order to assess the oscillations of the sensors' output caused by the respiration we performed an experiment on a healthy pig. Thanks to the similarity between the anatomical structures of the pig liver and human one, with this experiment we mimic a clinical settings. The pig was sedated, than the needle was inserted within the liver under Ultrasoundimaging guidance performed by a convex probe (1-8 MHz, ultrasound equipment: MyLab Gold 30, ESAOTE, Italy), as shown in Fig. 4 . The outputs of the FBGs embedded within the probe were recorded by the spectrum analyzer during different respiratory acts. The respiratory frequency of the mechanical ventilator was set at 15 breaths per minute. The procedure was approved by the Institutional Animal Care & Use Committee.
D. Correction of the Artefact Caused by Movement: Preliminary Analysis on Ex Vivo Liver
In order to combine the temperature artefact due to respiratory movements and the actual temperature increase due to ablation, an ex vivo pig liver has been treated for 3 minutes by a Nd:YAG laser in continuous mode (wavelength of 1064 nm), using a power of 4 W. Simultaneously the organ underwent respiratory movements (displacement of 20 mm and strain on 2 mm along the cranio-caudal direction, at a respiratory frequency of 10 bpm), by using the experimental set-up shown in Fig. 2 . In order to correct the artefact, a filter based algorithm was implemented in MATLAB environment.
III. RESULTS
A. Static Calibration and Estimation of Response Time
The thermal sensitivity and the response time of the six FBGs are reported in Table I .
The six FBGs have the same thermal sensitivity (i.e., 0.01 nm ·°C −1 ), equal to the one of the nude sensor, as reported by the manufacturer [27] . This result confirms that the response of the FBGs is not influenced by their insertion within the needle. The uncertainty analysis show that all the sensors have an uncertainty lower than 0.2°C considering the whole range of calibration. These data can be also explained by the high performances of the optical spectrum analyzer, which has a wavelength repeatability better than 0.5 pm.
Regarding the estimation of τ , both a typical trend of the FBG step response and the natural logarithm of , calculated as in (3), with time are reported in Fig. 5A and 5B, respectively.
B. Results During Ex Vivo Experiments
In order to assess the artifact due to patient's respiration the sensors' output has been recorded applying the movements with different amplitudes and frequencies (see sections IIB). Then, the λ B experienced by the six FBGs was converted into a measurement error of temperature, T ε , by using the thermal sensitivity which allows transducing λ B in a T. Fig. 6 .A shows the typical trend of the artifact caused by respiratory movements. Each simulation consists of ten quiet breathings. The T ε values were calculated as the peak to peak difference of temperature for each act. Then all the data were expressed as mean ± expanded uncertainty. The uncertainty has been estimated by using a student reference distribution with 9 degrees of freedom and a level of confidence of 95%, as recommended in [22] . The T ε experienced by the six FBGs is always lower than 1.5°C. In particular, the maximum error, experienced by FBG 4, is equal to 1.35±0.03°C. In Table II we summarize the results obtained for all FBGs in the needle. Data in Table II assess that there are not significant differences in T ε values by changing the movement frequency.
This analysis was also carried out on ex vivo porcine lungs to evaluate the temperature artifact caused by their movements during respiration. A manual ventilation system was used to expand the lung from an initial collapsed state and to ventilate it. In this case the maximum value of T ε , equal to 2.9±0.4°C, is experienced by FBG 1 when the needle is inserted within the inferior lobe. The T ε trend is showed in Fig. 6 .B. In Table II we summarize the results obtained for all FBGs in the needle. Results on ex vivo lung have a large variability in terms of peak to peak amplitude of the artefacts and in terms of the period of each act. This result is evident by comparing Fig. 6 .A with Fig. 6 .B. These irregularities can be explained by considering that we performed a manual ventilation of the lung, hence the amount of air delivered to the lung and the consequent lung movement, as well as the respiratory frequency were not controlled as accurately as we did on liver by the actuators.
C. In Vivo Analysis
As in ex vivo experiments, we transduced the oscillations of the sensors' output in temperature. Results of the sensors during a recording of 30 s at a respiratory frequency of 15 breaths per minute are shown in Fig. 7 .
For all the sensors the oscillations always ranged within ±2.5°C. Data are much less regular than ex vivo experiments as can be seen by comparing Fig. 7 with Fig. 5 and 6 . This trend is mainly caused by the movement of the needle handled by the clinician during the maneuver. 
D. Correction of the Artefact: Ex Vivo Analysis
As shown in Fig. 5 and 6 , the FBGs output signals faithfully follow the respiratory frequency. Therefore, in order to correct the artefact, a three-steps algorithm was developed as follows: i) the respiratory frequency is detected by acquiring ten patient breaths (explorative signal in Fig. 8) ; ii) ablation starts and a high pass filter is applied to the acquired signal to select only the artifact due to respiratory movements (noise); iii) this signal is subtracted from original one. In this way it is possible to obtain only the signal due to ablation temperature increase. Regarding the high pass filter implementation, a cut-off frequency of 0.125 Hz was selected, since the experiments were carried out at a respiratory frequency of 10 bpm (∼0.17 Hz).
In Fig. 8A the original signal and in Fig. 8B the correct one are shown. The implementation of this algorithm allows minimizing T ε values. Indeed, for FBG 2 the artifact decreases from 0.88±0.07°C on the original signal to 0.14±0.04°C on the correct signal).
IV. DISCUSSION
One of the main open challenges to improve the outcomes of thermal ablation is "to see" what happens during the treatment. Indeed, treatments are usually performed either without any feedback or only monitoring the temperature by a sensor placed within the applicator. Hence, the treatment settings were chosen on the basis of the clinician's experience or by using information provided by the manufacturer of the equipment used to induce hyperthermia. This approach does not allow the clinician to accurately predict the amount of damaged tissue. A real time temperature monitoring during minimally invasive thermal treatments allowed the operator to visualize the running procedure and to be notified in real time about its end-point. Therefore, thermometry is considered a promising solution to overcome the mentioned hurdle and to improve the treatment outcomes. Currently, several thermometric techniques are used in this field. MR-thermometry is the most used in clinical settings, thanks to the intrinsic non-invasiveness, the ability to provide 3D temperature map, as well as the safety for the patient (for instance MR does not use ionizing radiation), but the widespread is limited by three main reasons: it is time-consuming and expensive, and MR-compatible equipment is needed to perform the thermal treatment within the MR room. FBGs sensor are a valid alternative to non-invasive procedure because by inserting only one fiber optic they are able to perform distributed measurements. Several studies have been monitored the effects of thermal treatments by FBGs either on ex vivo organs and phantoms or on small animals [12] , [13] , [15] , [17] , [28] - [30] . All these experiments do not take into account the effect of the respiratory movements on the FBGs' output. In the present work we assess the performances of an MR-compatible needle embedding 6 FBGs. We assessed the thermal sensitivity and the response time of the FBGs, and we also investigated the influence of the respiratory movements by performing ex vivo experiments mimicking the movement of livers and lungs during respiration. Moreover we investigated the same artifact on a pig liver during in vivo trials.
With respect to our previous work [20] , this probe allows performing distributed temperature measurements, moreover the FBGs are embedded within an MR-compatible needle.
To the best of our knowledge, this work represents the first ever detailed analysis of the influence of respiratory movement on FBGs sensors considering both ex vivo and in vivo animal model. Of course, the proposed analysis can be applied both during the thermal treatment (when the temperature increases, as shown in Fig. 8 ) and at the end of the treatment (when the tissue temperature decreases), because the effect of strain on FBG's output is not affected by temperature within the whole range of measurements.
Regarding the trials performed on ex vivo lung and liver the respiratory movement can cause error up to 3.5°c and 1.5°C, respectively. We also assessed that the error has frequency components mainly centered at the respiratory frequency simulated. This frequency is higher than the components related to the temperature increase (see figure 7) , hence a simple algorithm based on a filter allows correcting the error. Although the trend of sensor output during in vivo trials is irregular, it shows high components as well. Hence, we may hypothesize that the measurement error can be minimized also during in vivo trials.
V. CONCLUSIONS
In conclusion, an MR-compatible probe embedding 6 FBGs able to perform distributed temperature has been developed. Its short response time fulfils the criterion required to be used in thermal treatment. Moreover, ex vivo and in vivo trials have shown that the probe can be easily inserted within organs, avoiding risk of FBGs rupture. The small size of the needle minimizes the risk of bleeding in clinical settings. The analysis regarding the respiratory movements shows that the probe is prone to significant measurement error for harsh condition (large respiratory movements); on the other hand this measurement error can be corrected considering that it is much faster than the temperature increment induced by the thermal procedure (in vivo trials show that the error after correction is about 0.1°C). The main study limitation is that the experiments were carried out on models and not in clinical settings. Although a model close to humans was used, in the future works the analysis of both the measurement errors and their correction may be further investigated in clinical settings. 
